Abstract: Gallium nitride (GaN) nanopowder used as a blue fluorescent material was synthesized by using a direct current (DC) non-transferred arc plasma. Gallium nitrate hydrate (Ga(NO 3 ) 3¨x H 2 O) was used as a raw material and NH 3 gas was used as a nitridation source. Additionally, melamine (C 3 H 6 N 6 ) powder was injected into the plasma flame to prevent the oxidation of gallium to gallium oxide (Ga 2 O 3 ). Argon thermal plasma was applied to synthesize GaN nanopowder. The synthesized GaN nanopowder by thermal plasma has low crystallinity and purity. It was improved to relatively high crystallinity and purity by annealing. The crystallinity is enhanced by the thermal treatment and the purity was increased by the elimination of residual C 3 H 6 N 6 . The combined process of thermal plasma and annealing was appropriate for synthesizing crystalline GaN nanopowder. The annealing process after the plasma synthesis of GaN nanopowder eliminated residual contamination and enhanced the crystallinity of GaN nanopowder. As a result, crystalline GaN nanopowder which has an average particle size of 30 nm was synthesized by the combination of thermal plasma treatment and annealing.
Introduction
Gallium nitride (GaN) has been used as a binary III-V direct band-gap semiconductor material in light-emitting diodes since the 1990s. GaN is a blue fluorescence material used in LEDs. Lighting devices create various colors by combining red (R), green (G), and blue (B) [1] . In order to prepare a white light source, blue fluorescence is mixed with other light sources such as yellow, red, or green light. Such white LEDs are taking the place of traditional incandescent and fluorescent lights. GaN has a large band gap energy of 3.4 eV at room temperature and a high thermal conductivity of 130 W/m¨K [2] [3] [4] . It is possible to use these materials in optoelectronic devices which have wide band gap with energies from the visible to the deep ultraviolet region. Gallium nitride is a very hard material that has a strong atomic bonding as a wurtzite crystal structure. It can be used for applications in optoelectronic, high-power, high-frequency, and high temperature devices. For example, GaN can be applied as the substrate which makes violet laser diodes at 405 nm without the requirement of nonlinear optical frequency-doubling. It is usually applied by deposition on silicon carbide (SiC) and torch (SPG-30N2S, Technoserve, Japan), a powder feeder (ME-14C, SHINKO Electric Co Nagoya, Japan) for the injection of the precursor, a chamber, and a crucible for the precursor. The thermal plasma jet was generated in the plasma torch by Ar or Ar-N 2 , which formed gases under atmospheric pressure. The thermal plasma jet was ejected from a 6 mm diameter nozzle by the thermal expansion of plasma, forming gas by an electric arc channel which was connected between a conical cathode and the anode nozzle. Ga(NO 3 ) 3¨x H 2 O powder was used as the raw material for the synthesis of GaN nanopowder. The injected precursor powder was hundreds of micrometers in size, and its morphology is not specific. The precursor was a pellet which had a diameter of 45 mm and a thickness of 10 mm created by a hydraulic press. The precursor pellet was placed on a tungsten crucible which was fixed by a water-cooling holder. As a result, the precursor was rapidly melted and evaporated by the confronting thermal plasma jet, as shown in Figure 1 . The vaporization temperature of Ga(NO 3 ) 3¨x H 2 O is lower than 100˝C. Therefore, it is a more economical precursor than Ga or Ga 2 O 3 which were used as precursors to synthesize GaN in previous work [23] . However, it contains excessive nitrogen, oxygen, and hydrogen elements. The complete dissociation of the oxygen from Ga(NO 3 ) 3¨x H 2 O is difficult due to the high latent heat of H 2 O. For this reason, it is normal that evaporated Ga(NO 3 ) 3¨x H 2 O is oxidized to Ga 2 O 3 by its inherent oxygen elements. Therefore, melamine (C 3 H 6 N 6 ) powder was used to prevent the production of gallium oxide. The injected C 3 H 6 N 6 was converted to carbon, nitrogen, hydrogen, and other molecules by decomposition at high temperatures in the thermal plasma jet. These byproduct molecules consume the oxygen elements of the Ga(NO 3 ) 3¨x H 2 O precursor. Injected melamine powder consists of nonspecific-shaped particles under 500 nm. In addition, ammonia (NH 3 ) gas was diagonally injected into the pellet of Ga(NO 3 ) 3¨x H 2 O from the upper side of the chamber to nitride the Ga element. Nanomaterials 2016, 6, 38 3 of 15 generated in the plasma torch by Ar or Ar-N2, which formed gases under atmospheric pressure. The thermal plasma jet was ejected from a 6 mm diameter nozzle by the thermal expansion of plasma, forming gas by an electric arc channel which was connected between a conical cathode and the anode nozzle. Ga(NO3)3•xH2O powder was used as the raw material for the synthesis of GaN nanopowder. The injected precursor powder was hundreds of micrometers in size, and its morphology is not specific. The precursor was a pellet which had a diameter of 45 mm and a thickness of 10 mm created by a hydraulic press. The precursor pellet was placed on a tungsten crucible which was fixed by a water-cooling holder. As a result, the precursor was rapidly melted and evaporated by the confronting thermal plasma jet, as shown in Figure 1 . The vaporization temperature of Ga(NO3)3•xH2O is lower than 100 °C. Therefore, it is a more economical precursor than Ga or Ga2O3 which were used as precursors to synthesize GaN in previous work [23] . However, it contains excessive nitrogen, oxygen, and hydrogen elements. The complete dissociation of the oxygen from Ga(NO3)3•xH2O is difficult due to the high latent heat of H2O. For this reason, it is normal that evaporated Ga(NO3)3•xH2O is oxidized to Ga2O3 by its inherent oxygen elements. Therefore, melamine (C3H6N6) powder was used to prevent the production of gallium oxide. The injected C3H6N6 was converted to carbon, nitrogen, hydrogen, and other molecules by decomposition at high temperatures in the thermal plasma jet. These byproduct molecules consume the oxygen elements of the Ga(NO3)3•xH2O precursor. Injected melamine powder consists of nonspecific-shaped particles under 500 nm. In addition, ammonia (NH3) gas was diagonally injected into the pellet of Ga(NO3)3•xH2O from the upper side of the chamber to nitride the Ga element. The detailed operating conditions are indicated in Table 1 . In the first case, the condition of Plasma 1, the Ga(NO3)3•xH2O pellet was reacted with only NH3 gas and without C3H6N6. The thermal plasma jet was generated by mixed argon and nitrogen gases. The high thermal conductive nitrogen was injected as a plasma forming gas to help the nitridation or evaporation as the input power was increased. The plasma input power was 12.6 kW at the fixed current of 300 A and the average voltage of 42 V. In the other cases of Plasma 2, 3, 4, and 5, the Ga(NO3)3•xH2O pellet was evaporated by pure Ar thermal plasma together with C3H6N6. In these cases, the input power for the generation of the thermal plasma jet was 8.4 kW with the current fixed at 300 A and an average voltage of 28 V. Argon is a monoatomic molecule and nitrogen is a diatomic molecule. In order to generate thermal plasma from nitrogen gas, more energy is required compared to argon gas. Accordingly, electric resistance for arc generation between the cathode and the anode is increased. Therefore, argon thermal plasma has a lower average voltage with lower resistance than argon-nitrogen thermal plasma at the fixed current. Input power of 8.4 kW was sufficient to vaporize the Ga(NO3)3•xH2O pellet due to its low vaporization temperature of 80 °C. Synthesized nanoparticles were attached on the inner surface of The detailed operating conditions are indicated in Table 1 . In the first case, the condition of Plasma 1, the Ga(NO 3 ) 3¨x H 2 O pellet was reacted with only NH 3 gas and without C 3 H 6 N 6 . The thermal plasma jet was generated by mixed argon and nitrogen gases. The high thermal conductive nitrogen was injected as a plasma forming gas to help the nitridation or evaporation as the input power was increased. The plasma input power was 12.6 kW at the fixed current of 300 A and the average voltage of 42 V. In the other cases of Plasma 2, 3, 4, and 5, the Ga(NO 3 ) 3¨x H 2 O pellet was evaporated by pure Ar thermal plasma together with C 3 H 6 N 6 . In these cases, the input power for the generation of the thermal plasma jet was 8.4 kW with the current fixed at 300 A and an average voltage of 28 V. Argon is a monoatomic molecule and nitrogen is a diatomic molecule. In order to generate thermal plasma from nitrogen gas, more energy is required compared to argon gas. Accordingly, electric resistance for arc generation between the cathode and the anode is increased. Therefore, argon thermal plasma has a lower average voltage with lower resistance than argon-nitrogen thermal plasma at the fixed current. Input power of 8.4 kW was sufficient to vaporize the Ga(NO 3 ) 3¨x H 2 O pellet due to its low vaporization temperature of 80˝C. Synthesized nanoparticles were attached on the inner surface of the reactor which was chilled by cooling water. The product was collected by scraping with a thin film for the post processing and analysis. C 3 H 6 N 6 powder was used in the three different procedures in Plasma 2, 3, 4, and 5. A detailed illustration of C 3 H 6 N 6 injection methods is indicated in Figure 2a -d. C 3 H 6 N 6 was mixed with Ga(NO 3 ) 3¨x H 2 O, they were pressed as the pellet precursor in Plasma 2. C 3 H 6 N 6 powder was injected into the high temperature of the thermal plasma jet as powder through the anode electrode in Plasmas 3, 4, and 5. The molar ratio of Ga(NO 3 ) 3¨x H 2 O and C 3 H 6 N 6 was controlled at 1:6 and 1:3 in Plasmas 3, 4, and 5. In these cases, NH 3 gas was injected into the pellet as a nitridation source by the probe as in Figure 1 . Ga(NO 3 ) 3¨x H 2 O was reacted with only C 3 H 6 N 6 powder and without NH 3 gas in Plasma 5, in order to check the possibility of nitridation by the nitrogen element of C 3 H 6 N 6 . The products from thermal plasma were annealed in a vacuum furnace (SH-TMFGF-50, Samheung Inc., Sejong, Korea) to eliminate contamination and to enhance the crystallinity. It was carried out at 850˝C for three hours. the reactor which was chilled by cooling water. The product was collected by scraping with a thin film for the post processing and analysis. C3H6N6 powder was used in the three different procedures in Plasma 2, 3, 4, and 5. A detailed illustration of C3H6N6 injection methods is indicated in Figure 2a -d. C3H6N6 was mixed with Ga(NO3)3•xH2O, they were pressed as the pellet precursor in Plasma 2. C3H6N6 powder was injected into the high temperature of the thermal plasma jet as powder through the anode electrode in Plasmas 3, 4, and 5. The molar ratio of Ga(NO3)3•xH2O and C3H6N6 was controlled at 1:6 and 1:3 in Plasmas 3, 4, and 5. In these cases, NH3 gas was injected into the pellet as a nitridation source by the probe as in Figure 1 . Ga(NO3)3•xH2O was reacted with only C3H6N6 powder and without NH3 gas in Plasma 5, in order to check the possibility of nitridation by the nitrogen element of C3H6N6. The products from thermal plasma were annealed in a vacuum furnace (SH-TMFGF-50, Samheung Inc., Sejong, Korea) to eliminate contamination and to enhance the crystallinity. It was carried out at 850 °C for three hours. A TGA analysis result of Ga(NO 3 ) 3¨x H 2 O as raw materials according to temperature is indicated in Figure 3 . Analysis was conducted from 40˝C to 800˝C with an increase in increments of 10˝C/min under a nitrogen atmosphere. An obvious mass reduction of approximately 67% occurred between 60˝C and 180˝C as is shown in Figure 3 . Ga(NO 3 ) 3¨x H 2 O was converted to Ga 2 O 3 , H 2 O, and N 2 O 3 gas with increasing temperatures, which is in accordance with previous studies [23] . Therefore, it can be assumed that the final product of Ga 2 O 3 with a mass reduction of 78% would be produced at 800˝C. As a result, the estimated value of x in Ga(NO 3 A TGA analysis result of Ga(NO3)3•xH2O as raw materials according to temperature is indicated in Figure 3 . Analysis was conducted from 40 °C to 800 °C with an increase in increments of 10 °C/min under a nitrogen atmosphere. An obvious mass reduction of approximately 67% occurred between 60 °C and 180 °C as is shown in Figure 3 . Ga(NO3)3•xH2O was converted to Ga2O3, H2O, and N2O3 gas with increasing temperatures, which is in accordance with previous studies [23] . Therefore, it can be assumed that the final product of Ga2O3 with a mass reduction of 78% would be produced at 800 °C. As a result, the estimated value of x in Ga(NO3)3•xH2O was determined to be 32.1 based on the mass reduction from 12.45 mg at 40 °C to 2.80 mg at 800 °C. Accordingly, Ga(NO3)3•xH2O is referred to as Ga(NO3)3•32H2O in this work. The crystallinity of the synthesized powder was observed by XRD (X-ray diffraction, DMAX 2500, Rigaku Co., Akishima, Japan) with Cu Kα source. Morphology and particle size were analyzed by FE-SEM (Field-emission scanning electron microscopy, S-4300, Hitachi Co., Tokyo, Japan) and FE-TEM (Field-emission transmission electron microscopy, JEM-2100F, Jeol, Japan). In addition, the elemental composition of particles was confirmed by an EDS (Energy dispersive spectroscopy) with SEM and TEM. The mean particles size was calculated from the variation of the hundreds of different synthesized particles in the FE-SEM images. TGA (thermogravimetric analysis, Diamond TG-DTA Lab system, Perkin Elmer, Waltham, MA, USA) was applied to investigate the atomic ratio of Ga(NO3)3•xH2O as raw materials and the thermal behavior of particles synthesized by the thermal plasma and annealing procedure. Chemical bonding and nanostructure of particles synthesized by the thermal plasma and vacuum furnace method were analyzed by XPS (X-ray photoelectron spectroscopy, K-Alpha, Thermo scientific Inc., Waltham, MA, USA). Figure 4a shows the thermodynamic equilibrium composition of melamine at changes in temperature from 500 to 6000 K. The calculation was conducted by a commercial software of FactSage (Ver. 6.4, CRCT&GTT, Canada and Germany). The purpose of thermodynamic equilibrium calculation was to expect a preferable chemical reaction and stable chemical species in a given temperature range. C3H6N6 containing carbon, hydrogen, and nitrogen elements can be decomposed and dissociated at about 350 °C. The melamine is converted to cyanides, hydrocarbons, and carbon in the high temperature plasma zone. These decomposed or dissociated C3H6N6 byproducts can react with the oxygen of a Ga(NO3)3•32H2O precursor. Furthermore, the various exothermic gases such as CO, CO2, H2, N2, NO2, and the releasing of heat generated by the oxygen capture reaction with Ga(NO3)3•32H2O and C3H6N6 promote the synthesis of GaN nanopowder. The crystallinity of the synthesized powder was observed by XRD (X-ray diffraction, DMAX 2500, Rigaku Co., Akishima, Japan) with Cu Kα source. Morphology and particle size were analyzed by FE-SEM (Field-emission scanning electron microscopy, S-4300, Hitachi Co., Tokyo, Japan) and FE-TEM (Field-emission transmission electron microscopy, JEM-2100F, Jeol, Japan). In addition, the elemental composition of particles was confirmed by an EDS (Energy dispersive spectroscopy) with SEM and TEM. The mean particles size was calculated from the variation of the hundreds of different synthesized particles in the FE-SEM images. TGA (thermogravimetric analysis, Diamond TG-DTA Lab system, Perkin Elmer, Waltham, MA, USA) was applied to investigate the atomic ratio of Ga(NO 3 ) 3¨x H 2 O as raw materials and the thermal behavior of particles synthesized by the thermal plasma and annealing procedure. Chemical bonding and nanostructure of particles synthesized by the thermal plasma and vacuum furnace method were analyzed by XPS (X-ray photoelectron spectroscopy, K-Alpha, Thermo scientific Inc., Waltham, MA, USA). Figure 4a shows the thermodynamic equilibrium composition of melamine at changes in temperature from 500 to 6000 K. The calculation was conducted by a commercial software of FactSage (Ver. 6.4, CRCT&GTT, Canada and Germany). The purpose of thermodynamic equilibrium calculation was to expect a preferable chemical reaction and stable chemical species in a given temperature range. C 3 H 6 N 6 containing carbon, hydrogen, and nitrogen elements can be decomposed and dissociated at about 350˝C. The melamine is converted to cyanides, hydrocarbons, and carbon in the high temperature plasma zone. These decomposed or dissociated C 3 H 6 N 6 byproducts can react with the oxygen of a Ga(NO 3 ) 3¨3 2H 2 O precursor. Furthermore, the various exothermic gases such as CO, CO 2 , H 2 , N 2 , NO 2 , and the releasing of heat generated by the oxygen capture reaction with Ga(NO 3 ) 3¨3 2H 2 O and C 3 H 6 N 6 promote the synthesis of GaN nanopowder. The change in Gibbs free energy during oxygen capture reactions with byproducts converted by decomposition of the C3H6N6 which was injected into the thermal plasma jet are shown in Figure 4b . The graph consists of seven dotted lines and one solid line. The dotted lines indicate the oxidation by byproducts generated from C3H6N6 decomposition, while the solid line indicates the oxidation of gallium to Ga2O3. Oxidation reactions of hydrocarbons, cyanides, and carbon generated by the decomposition of C3H6N6 are thermodynamically spontaneous throughout the whole temperature range because Gibbs free energies are less than zero. Conversely, Ga2O3 can be produced spontaneously under 3100 K. However, oxidation of byproducts is still predominant at temperatures above 750 K owing to a greater amount of negative Gibbs free energy. Therefore, C3H6N6 powder is suitable to capture oxygen molecules of Ga(NO3)3•32H2O before they oxidize with gallium, even though various byproducts could be produced from the decomposition of C3H6N6. For this reason, C3H6N6 powder was injected into the thermal plasma jet to facilitate the synthesis of GaN nanopowder. Moreover, the TGA analysis and thermodynamic equilibrium calculation revealed that six moles of C3H6N6 powder were needed, while only one mole of Ga(NO3)3•32H2O was required to sufficiently convert oxygen from Ga(NO3)3•32H2O into carbon oxides, nitrogen oxides, and hydrogen oxides.
Results and Discussion

Nitridation by the nitrogen element of C3H6N6 is considered in Figure 4c . The thermodynamic equilibrium is calculated for the nitridation reaction by HCN, C2N, and CN molecules. These components containing nitrogen elements were reacted with the Ga element at temperatures under 3000 K. Although ∆G of the three nitridation reactions have negative values, they are lower than those of the oxidation reaction in Figure 4b . ∆G values for the oxidation reaction of HCN, C2N, and CN at about 3000 K are under 500,000 J, as shown in Figure 4b . Those values for their nitridation reaction at approximately 3000 K are nearly zero. In other words, oxidation reaction is absolutely superior The change in Gibbs free energy during oxygen capture reactions with byproducts converted by decomposition of the C 3 H 6 N 6 which was injected into the thermal plasma jet are shown in Figure 4b . The graph consists of seven dotted lines and one solid line. The dotted lines indicate the oxidation by byproducts generated from C 3 H 6 N 6 decomposition, while the solid line indicates the oxidation of gallium to Ga 2 O 3 . Oxidation reactions of hydrocarbons, cyanides, and carbon generated by the decomposition of C 3 H 6 N 6 are thermodynamically spontaneous throughout the whole temperature range because Gibbs free energies are less than zero. Conversely, Ga 2 O 3 can be produced spontaneously under 3100 K. However, oxidation of byproducts is still predominant at temperatures above 750 K owing to a greater amount of negative Gibbs free energy. Therefore, C 3 H 6 N 6 powder is suitable to capture oxygen molecules of Ga(NO 3 ) 3¨3 2H 2 O before they oxidize with gallium, even though various byproducts could be produced from the decomposition of C 3 H 6 N 6 . For this reason, C 3 H 6 N 6 powder was injected into the thermal plasma jet to facilitate the synthesis of GaN nanopowder. Moreover, the TGA analysis and thermodynamic equilibrium calculation revealed that six moles of C 3 H 6 N 6 powder were needed, while only one mole of Ga(NO 3 ) 3¨3 2H 2 O was required to sufficiently convert oxygen from Ga(NO 3 ) 3¨3 2H 2 O into carbon oxides, nitrogen oxides, and hydrogen oxides.
Nitridation by the nitrogen element of C 3 H 6 N 6 is considered in Figure 4c . The thermodynamic equilibrium is calculated for the nitridation reaction by HCN, C 2 N, and CN molecules. These components containing nitrogen elements were reacted with the Ga element at temperatures under 3000 K. Although ∆G of the three nitridation reactions have negative values, they are lower than those of the oxidation reaction in Figure 4b . ∆G values for the oxidation reaction of HCN, C 2 N, and CN at about 3000 K are under 500,000 J, as shown in Figure 4b . Those values for their nitridation reaction at approximately 3000 K are nearly zero. In other words, oxidation reaction is absolutely superior compared to the nitridation reaction at all temperature ranges. Therefore, the byproducts, which are converted from the decomposition of C 3 H 6 N 6 , usually react with the oxygen elements of the Ga(NO 3 ) 3¨3 2H 2 O raw material.
XRD patterns of products synthesized in Plasma 1 and 2 conditions are shown in Figure 5a ,b, respectively. For Plasma 1, only a Ga(NO 3 ) 3¨3 2H 2 O pellet was used with 10 L/min NH 3 to synthesize GaN nanopowder without C 3 H 6 N 6 . The plasma jet was generated by argon and nitrogen mixed gas in a conventional synthesis process of nitride materials by thermal plasma. All peaks shown in Figure 5a correspond to Ga 2 O 3 . The results revealed that Ga(NO 3 ) 3¨3 2H 2 O is not nitrided solely by NH 3 gas, which is a typical nitrogen source for the nitridation reaction. Ionized nitrogen gas which is produced by the generating thermal plasma jet was not suitable for the nitridation of Ga(NO 3 ) 3¨3 2H 2 O. Ga(NO 3 ) 3¨3 2H 2 O has a low evaporation temperature and is rapidly vaporized in the high temperature environment of the thermal plasma jet. However, nitridation of Ga did not occur, and oxidation of Ga was completed by the presence of abundant oxygen elements from the precursor itself. NH 3 gas usually decomposes into N 2 and H 2 gases at high temperatures. As shown in the following chemical reactions, the oxidation of Ga dominates over the reaction with N 2 and NH 3 to GaN. compared to the nitridation reaction at all temperature ranges. Therefore, the byproducts, which are converted from the decomposition of C3H6N6, usually react with the oxygen elements of the Ga(NO3)3•32H2O raw material. XRD patterns of products synthesized in Plasma 1 and 2 conditions are shown in Figure 5a ,b, respectively. For Plasma 1, only a Ga(NO3)3•32H2O pellet was used with 10 L/min NH3 to synthesize GaN nanopowder without C3H6N6. The plasma jet was generated by argon and nitrogen mixed gas in a conventional synthesis process of nitride materials by thermal plasma. All peaks shown in Figure  5a correspond to Ga2O3. The results revealed that Ga(NO3)3•32H2O is not nitrided solely by NH3 gas, which is a typical nitrogen source for the nitridation reaction. Ionized nitrogen gas which is produced by the generating thermal plasma jet was not suitable for the nitridation of Ga(NO3)3•32H2O. Ga(NO3)3•32H2O has a low evaporation temperature and is rapidly vaporized in the high temperature environment of the thermal plasma jet. However, nitridation of Ga did not occur, and oxidation of Ga was completed by the presence of abundant oxygen elements from the precursor itself. NH3 gas usually decomposes into N2 and H2 gases at high temperatures. As shown in the following chemical reactions, the oxidation of Ga dominates over the reaction with N2 and NH3 to GaN.
Ga + NH3 → GaN + 1.5 H2 ∆H298K: −63.7 kJ (2) 2 Ga + 1.5 O2 → Ga2O3 ∆H298K: −1089.1 kJ (3) These findings indicate that the nitridation of Ga(NO3)3•32H2O is difficult without a substance that can consume oxygen as a reductant. Therefore, C3H6N6 powder was used as a reductant to oxidize with the abundant oxygen elements of the Ga(NO3)3•32H2O precursor.
C3H6N6 powder was used as a pellet by compressing it with Ga(NO3)3•32H2O as a precursor in Plasma 2. The pellet consisting of Ga(NO3)3•32H2O and C3H6N6 was vaporized by a thermal plasma jet. NH3 gas was injected into the pellet at 3 L/min. The XRD pattern of synthesized product at Plasma 2 conditions is indicated in Figure 5b . The peaks are analyzed as gallium hydroxide (GaO(OH)), carbohydrazide (CH6N4O), and ammonium nitrate (NH4NO). The vaporized Ga elements were oxidized, and C3H6N6 was not applied in sufficient amounts to act as a reductant. Unlike the experiment involving Ga(NO3)3•32H2O and NH3 gas without C3H6N6, GaO(OH) was produced. Products including C-H-O bonding or ammonium ions were produced in the experiment using a pellet mixed with C3H6N6 and Ga(NO3)3•32H2O. It was assumed that C3H6N6 could not be used to capture oxygen when it was mixed with Ga(NO3)3•32H2O in a pellet. Although C3H6N6 affects the product, the effect is not sufficient to nitrate the gallium. Ga(NO3)3•32H2O was vaporized above 80 °C. The vaporizing temperature of C3H6N6 is 345 °C . The difference of vaporization temperatures for the two raw materials should be considered to prevent oxidation of the Ga element. The useful reductants These findings indicate that the nitridation of Ga(NO 3 ) 3¨3 2H 2 O is difficult without a substance that can consume oxygen as a reductant. Therefore, C 3 H 6 N 6 powder was used as a reductant to oxidize with the abundant oxygen elements of the Ga(NO 3 ) 3¨3 2H 2 O precursor. C 3 H 6 N 6 powder was used as a pellet by compressing it with Ga(NO 3 ) 3¨3 2H 2 O as a precursor in Plasma 2. The pellet consisting of Ga(NO 3 ) 3¨3 2H 2 O and C 3 H 6 N 6 was vaporized by a thermal plasma jet. NH 3 gas was injected into the pellet at 3 L/min. The XRD pattern of synthesized product at Plasma 2 conditions is indicated in Figure 5b . The peaks are analyzed as gallium hydroxide (GaO(OH)), carbohydrazide (CH 6 N 4 O), and ammonium nitrate (NH 4 NO). The vaporized Ga elements were oxidized, and C 3 H 6 N 6 was not applied in sufficient amounts to act as a reductant. Unlike the experiment involving Ga(NO 3 ) 3¨3 2H 2 O and NH 3 gas without C 3 H 6 N 6 , GaO(OH) was produced. Products including C-H-O bonding or ammonium ions were produced in the experiment using a pellet mixed with C 3 H 6 N 6 and Ga(NO 3 ) 3¨3 2H 2 O. It was assumed that C 3 H 6 N 6 could not be used to
capture oxygen when it was mixed with Ga(NO 3 ) 3¨3 2H 2 O in a pellet. Although C 3 H 6 N 6 affects the product, the effect is not sufficient to nitrate the gallium. Ga(NO 3 ) 3¨3 2H 2 O was vaporized above 80˝C. The vaporizing temperature of C 3 H 6 N 6 is 345˝C. The difference of vaporization temperatures for the two raw materials should be considered to prevent oxidation of the Ga element. The useful reductants generated by vaporization of C 3 H 6 N 6 have to react with the gallium element before oxidation. In order to vaporize C 3 H 6 N 6 early, it was injected into the higher temperature region of the thermal plasma. C 3 H 6 N 6 powder was fed solely into a high temperature thermal plasma jet through two nozzles inside the anode electrode to enable more active decomposition. Ga(NO 3 ) 3¨3 2H 2 O has an evaporation temperature below 100˝C, and rapidly vaporized when it contacted the high temperature thermal plasma jet. The molar ratio of Ga(NO 3 ) 3¨3 2H 2 O and C 3 H 6 N 6 was controlled at 1:6 and 1:3 in Plasma 3 and 4 conditions. Initially, C 3 H 6 N 6 powder was injected at a 1:6 molar ratio according to the calculation from the TGA analysis of Ga(NO 3 ) 3¨3 2H 2 O raw materials. This molar ratio was sufficient to oxidize C 3 H 6 N 6 from the oxygen element of the Ga(NO 3 ) 3¨3 2H 2 O. The graph in Figure 6 shows XRD patterns of the product synthesized in Plasma 3. The main peaks correspond to C 3 H 6 N 6 and other peaks reflect C x H y N z bound byproducts such as melam, melem and melon. C 3 H 6 N 6 can be converted into other derivatives by thermal condensation [24] [25] [26] [27] . The synthesized product was subjected to annealing in a vacuum furnace to enhance the GaN crystallinity and eliminate the residual C 3 H 6 N 6 . The XRD pattern of annealed nanopowder is indicated in Figure 6 . Distinct peaks of GaN were observed after annealing at 850˝C for three hours. Weak graphite and carbon nitride (C 3 N 4 ) peaks were also observed. It was estimated that the synthesized GaN nanopowder was not accurately detected in the XRD pattern due to its low crystallinity and low quantity. generated by vaporization of C3H6N6 have to react with the gallium element before oxidation. In order to vaporize C3H6N6 early, it was injected into the higher temperature region of the thermal plasma. C3H6N6 powder was fed solely into a high temperature thermal plasma jet through two nozzles inside the anode electrode to enable more active decomposition. Ga(NO3)3•32H2O has an evaporation temperature below 100 °C, and rapidly vaporized when it contacted the high temperature thermal plasma jet. The molar ratio of Ga(NO3)3•32H2O and C3H6N6 was controlled at 1:6 and 1:3 in Plasma 3 and 4 conditions. Initially, C3H6N6 powder was injected at a 1:6 molar ratio according to the calculation from the TGA analysis of Ga(NO3)3•32H2O raw materials. This molar ratio was sufficient to oxidize C3H6N6 from the oxygen element of the Ga(NO3)3•32H2O. The graph in Figure 6 shows XRD patterns of the product synthesized in Plasma 3. The main peaks correspond to C3H6N6 and other peaks reflect CxHyNz bound byproducts such as melam, melem and melon. C3H6N6 can be converted into other derivatives by thermal condensation [24] [25] [26] [27] . The synthesized product was subjected to annealing in a vacuum furnace to enhance the GaN crystallinity and eliminate the residual C3H6N6. The XRD pattern of annealed nanopowder is indicated in Figure 6 . Distinct peaks of GaN were observed after annealing at 850 °C for three hours. Weak graphite and carbon nitride (C3N4) peaks were also observed. It was estimated that the synthesized GaN nanopowder was not accurately detected in the XRD pattern due to its low crystallinity and low quantity. This result was reliable as confirmed by the Ga-N chemical bonding by XPS results shown in Figure 7 . The Ga2p, N1s, and C1s orbital graphs are indicated in Figure 7a ,b. In the Ga2p graphs of Figure 7a , Ga-N bonding peaks of Ga2p(1/2) and Ga2p(3/2) were identically observed at 1143.0 eV and 1116.2 eV [26, [28] [29] [30] [31] . Although peak intensities of Ga2p(1/2) and Ga2p(3/2) in Figure 7a are weak, the two peaks could be accurately observed in the Ga2p graph. This result demonstrated that GaN was definitely synthesized by the thermal plasma, but was not detected in the XRD pattern due to its low crystallinity. The N=C sp2 binding peak is high (398.7 eV) in the N1s graphs of Figure 7 . This peak was caused by residual C3H6N6 and its derivatives after synthesis using thermal plasma [32] . An N-Ga bonding peak was observed at 397.8 eV. Amino functional groups having (-NHx) were indicated at 400.2 eV by residual C3H6N6 and it derivatives. In the C1s graph, C=N and C-C binding peaks were present at 287.5 and 284.3 eV, respectively, which was attributed to the remaining C3H6N6. Additionally, the intensity of the C=N bonding peak was higher than that of the C-C bonding peak [32] . This result was reliable as confirmed by the Ga-N chemical bonding by XPS results shown in Figure 7 . The Ga2p, N1s, and C1s orbital graphs are indicated in Figure 7a ,b. In the Ga2p graphs of Figure 7a , Ga-N bonding peaks of Ga2p (1/2) and Ga2p (3/2) were identically observed at 1143.0 eV and 1116.2 eV [26, [28] [29] [30] [31] . Although peak intensities of Ga2p (1/2) and Ga2p (3/2) in Figure 7a are weak, the two peaks could be accurately observed in the Ga2p graph. This result demonstrated that GaN was definitely synthesized by the thermal plasma, but was not detected in the XRD pattern due to its low crystallinity. The N=C sp2 binding peak is high (398.7 eV) in the N1s graphs of Figure 7 . This peak was caused by residual C 3 H 6 N 6 and its derivatives after synthesis using thermal plasma [32] . An N-Ga bonding peak was observed at 397.8 eV. Amino functional groups having (-NH x ) were indicated at 400.2 eV by residual C 3 H 6 N 6 and it derivatives. In the C1s graph, C=N and C-C binding Figure 7b shows XPS analysis results of annealed nanopowder after thermal plasma synthesis in Plasma 3. XRD and TEM analysis revealed that the GaN synthesized by the thermal plasma had enhanced crystallinity after annealing. After annealing at 850 °C under rough vacuum pressure for three hours, the peak intensities of Ga-N bonding were increased to levels which were significantly higher than before the annealing step. Ga-N bonding peaks of Ga2p(1/2) and Ga2p(3/2) were observed at 1143.5 eV and 1116.7 eV, respectively [26, [28] [29] [30] [31] . However, the N1s graphs all show different peak trends, as is shown in Figure 7a . Following annealing of the product synthesized in Plasma 3, the peaks appeared at 400.4 and 396.4 eV in N1s, which can be observed in Figure 7b . This peak was attributed to nitrogen in the -NHx and N-C sp2 bond from C3N4 generated from the conversion of residual C3H6N6 [33, 34] . A deconvoluted N-Ga bonding peak was observed at 399.1 eV [27] . This peak was shifted compared to pre-annealing due to the sufficient levels of nitrogen of synthesized GaN by decomposition of residual C3H6N6. In the C1s graph of Figure 7b , a C-N sp3 bonding peak was produced at 287.6 eV. C-C bonding peaks are deconvoluted at 289.8 and 284.8 eV [33, 34] .
The results of TGA analysis of product synthesized under the Plasma 3 operating conditions are indicated in Figure 8 . The temperature of the crucible containing the synthesized product powder was increased from 40 °C to 850 °C at 10 °C/min intervals. The atmosphere was filled with a nitrogen gas. A total mass reduction of up to 98% of weight occurred. The "as prepared product" after TGA analysis was considered to consist of GaN and a small amount of C3N4. As reported in previous studies [26, 33, 34] , C3N4 can be synthesized at high temperatures (>600 °C) by slowly heating C3H6N6 alone. The mass reduction curve had a high gradient from about 300 °C to 650 °C. The residual C3H6N6 and derivatives undergo thermal degradation and decomposition at temperatures in excess of 300 °C. Based on the mass maintenance at above 620 °C, the temperature for annealing to enhance the crystallinity of synthesized GaN nanopowder was set at 850 °C. Since the melting point of GaN is above 2500 °C, synthesized GaN nanopowder was not melted or vaporized by the annealing. Figure 7b shows XPS analysis results of annealed nanopowder after thermal plasma synthesis in Plasma 3. XRD and TEM analysis revealed that the GaN synthesized by the thermal plasma had enhanced crystallinity after annealing. After annealing at 850˝C under rough vacuum pressure for three hours, the peak intensities of Ga-N bonding were increased to levels which were significantly higher than before the annealing step. Ga-N bonding peaks of Ga2p (1/2) and Ga2p (3/2) were observed at 1143.5 eV and 1116.7 eV, respectively [26, [28] [29] [30] [31] . However, the N1s graphs all show different peak trends, as is shown in Figure 7a . Following annealing of the product synthesized in Plasma 3, the peaks appeared at 400.4 and 396.4 eV in N1s, which can be observed in Figure 7b . This peak was attributed to nitrogen in the -NH x and N-C sp2 bond from C 3 N 4 generated from the conversion of residual C 3 H 6 N 6 [33, 34] . A deconvoluted N-Ga bonding peak was observed at 399.1 eV [27] . This peak was shifted compared to pre-annealing due to the sufficient levels of nitrogen of synthesized GaN by decomposition of residual C 3 H 6 N 6 . In the C1s graph of Figure 7b , a C-N sp3 bonding peak was produced at 287.6 eV. C-C bonding peaks are deconvoluted at 289.8 and 284.8 eV [33, 34] .
The results of TGA analysis of product synthesized under the Plasma 3 operating conditions are indicated in Figure 8 . The temperature of the crucible containing the synthesized product powder was increased from 40˝C to 850˝C at 10˝C/min intervals. The atmosphere was filled with a nitrogen gas. A total mass reduction of up to 98% of weight occurred. The "as prepared product" after TGA analysis was considered to consist of GaN and a small amount of C 3 N 4 . As reported in previous studies [26, 33, 34] , C 3 N 4 can be synthesized at high temperatures (>600˝C) by slowly heating C 3 H 6 N 6 alone. The mass reduction curve had a high gradient from about 300˝C to 650˝C. The residual C 3 H 6 N 6 and derivatives undergo thermal degradation and decomposition at temperatures in excess of 300˝C. Based on the mass maintenance at above 620˝C, the temperature for annealing to enhance the crystallinity of synthesized GaN nanopowder was set at 850˝C. Since the melting point of GaN is above 2500˝C, synthesized GaN nanopowder was not melted or vaporized by the annealing. Figure 9a . After annealing, the large spherical particles were no longer present, and only nano-sized round particles which had an average particle size of 21.63 nm remained, as is shown in Figure 9b . It is believed that the large spherical particles are the residual C3H6N6 precursor. Figure 9c shows TEM-EDS results before and after annealing in Plasma 3. The Ga element was detected as about 2.5% of weight before annealing. It was revealed that melamine powder remained in microsized particles. The content of Ga elements was increased dramatically from 2.45% to 71.6% of weight after annealing. This analysis demonstrates that the purification was completed and residual melamine powder was eliminated by the heat treatment of the vacuum furnace. As shown by the XRD patterns in Figure 6b , a small amount of carbon and carbon nitride was generated after annealing because the treatment was done under vacuum conditions. The vaporized melamine converted as a byproduct with gallium nitride nanoparticles. Figure 9a,b shows FE-TEM images of the synthesized product before and after annealing in Plasma 3 conditions. Small particles under 100 nm and spherical large particles of about 200 nm were mixed in Figure 9a . After annealing, the large spherical particles were no longer present, and only nano-sized round particles which had an average particle size of 21.63 nm remained, as is shown in Figure 9b . It is believed that the large spherical particles are the residual C 3 H 6 N 6 precursor. Figure 9c shows TEM-EDS results before and after annealing in Plasma 3. The Ga element was detected as about 2.5% of weight before annealing. It was revealed that melamine powder remained in micro-sized particles. The content of Ga elements was increased dramatically from 2.45% to 71.6% of weight after annealing. This analysis demonstrates that the purification was completed and residual melamine powder was eliminated by the heat treatment of the vacuum furnace. As shown by the XRD patterns in Figure 6b , a small amount of carbon and carbon nitride was generated after annealing because the treatment was done under vacuum conditions. The vaporized melamine converted as a byproduct with gallium nitride nanoparticles. Figure 9a,b shows FE-TEM images of the synthesized product before and after annealing in Plasma 3 conditions. Small particles under 100 nm and spherical large particles of about 200 nm were mixed in Figure 9a . After annealing, the large spherical particles were no longer present, and only nano-sized round particles which had an average particle size of 21.63 nm remained, as is shown in Figure 9b . It is believed that the large spherical particles are the residual C3H6N6 precursor. Figure 9c shows TEM-EDS results before and after annealing in Plasma 3. The Ga element was detected as about 2.5% of weight before annealing. It was revealed that melamine powder remained in microsized particles. The content of Ga elements was increased dramatically from 2.45% to 71.6% of weight after annealing. This analysis demonstrates that the purification was completed and residual melamine powder was eliminated by the heat treatment of the vacuum furnace. As shown by the XRD patterns in Figure 6b , a small amount of carbon and carbon nitride was generated after annealing because the treatment was done under vacuum conditions. The vaporized melamine converted as a byproduct with gallium nitride nanoparticles. FE-SEM images and size distribution of synthesized GaN nanopowder are indicated in Figure  10a ,b. The large residual C3H6N6 particles were removed, but the uniform GaN nanoparticles remained, as is shown in Figure 10a . The particle size distribution was arranged by measurement of each particle in the FE-SEM frame, as is seen in Figure 10b . The size distribution of synthesized nanoparticles was analyzed by FE-SEM images. Hundreds of nanoparticles were measured with particles sizes varying from 10 to 60 nm. The mean particle size was 29.8 nm. The uniform-sized particle GaN nanopowder was synthesized by thermal plasma and an additional annealing process. To reduce residual C3H6N6 present in the product generated by the thermal plasma, the ratio of Ga(NO3)3•32H2O and C3H6N6 was decreased to 1:3 under the operating conditions used to generate Plasma 4. XRD patterns of product synthesized under these conditions are shown in Figure 11a . The upper pattern is for synthesized nanopowder by thermal plasma while the bottom pattern is for annealed nanopowder at 850 °C for three hours. In the upper XRD pattern, the main peak of C3H6N6 was observed at a weak 26°, while main peaks of GaN were found at 32°, 34°, and 38°. However, Ga2O3 peaks appeared after annealing in the vacuum furnace at 850 °C for three hours. These findings demonstrate that the oxygen capture reaction of Ga(NO3)3•32H2O by C3H6N6 could have negative effects as the amount of C3H6N6 decreases. FE-SEM images and size distribution of synthesized GaN nanopowder are indicated in Figure 10a ,b. The large residual C 3 H 6 N 6 particles were removed, but the uniform GaN nanoparticles remained, as is shown in Figure 10a . The particle size distribution was arranged by measurement of each particle in the FE-SEM frame, as is seen in Figure 10b . The size distribution of synthesized nanoparticles was analyzed by FE-SEM images. Hundreds of nanoparticles were measured with particles sizes varying from 10 to 60 nm. The mean particle size was 29.8 nm. The uniform-sized particle GaN nanopowder was synthesized by thermal plasma and an additional annealing process. FE-SEM images and size distribution of synthesized GaN nanopowder are indicated in Figure  10a ,b. The large residual C3H6N6 particles were removed, but the uniform GaN nanoparticles remained, as is shown in Figure 10a . The particle size distribution was arranged by measurement of each particle in the FE-SEM frame, as is seen in Figure 10b . The size distribution of synthesized nanoparticles was analyzed by FE-SEM images. Hundreds of nanoparticles were measured with particles sizes varying from 10 to 60 nm. The mean particle size was 29.8 nm. The uniform-sized particle GaN nanopowder was synthesized by thermal plasma and an additional annealing process. To reduce residual C3H6N6 present in the product generated by the thermal plasma, the ratio of Ga(NO3)3•32H2O and C3H6N6 was decreased to 1:3 under the operating conditions used to generate Plasma 4. XRD patterns of product synthesized under these conditions are shown in Figure 11a . The upper pattern is for synthesized nanopowder by thermal plasma while the bottom pattern is for annealed nanopowder at 850 °C for three hours. In the upper XRD pattern, the main peak of C3H6N6 was observed at a weak 26°, while main peaks of GaN were found at 32°, 34°, and 38°. However, Ga2O3 peaks appeared after annealing in the vacuum furnace at 850 °C for three hours. These findings demonstrate that the oxygen capture reaction of Ga(NO3)3•32H2O by C3H6N6 could have negative effects as the amount of C3H6N6 decreases. To reduce residual C 3 H 6 N 6 present in the product generated by the thermal plasma, the ratio of Ga(NO 3 ) 3¨3 2H 2 O and C 3 H 6 N 6 was decreased to 1:3 under the operating conditions used to generate Plasma 4. XRD patterns of product synthesized under these conditions are shown in Figure 11a . The upper pattern is for synthesized nanopowder by thermal plasma while the bottom pattern is for annealed nanopowder at 850˝C for three hours. In the upper XRD pattern, the main peak of C 3 H 6 N 6 was observed at a weak 26˝, while main peaks of GaN were found at 32˝, 34˝, and 38˝. However, Ga 2 O 3 peaks appeared after annealing in the vacuum furnace at 850˝C for three hours.
These findings demonstrate that the oxygen capture reaction of Ga(NO 3 ) 3¨3 2H 2 O by C 3 H 6 N 6 could have negative effects as the amount of C 3 H 6 N 6 decreases. Figure 11b shows FE-TEM images of synthesized nanopowder by thermal plasma, when the molar ratio of Ga(NO3)3•32H2O and C3H6N6 of 1:3 is adopted in Plasma 4 conditions. The product synthesized in Plasma 4 primarily consisted of fine particles which had an average particle size of 9.25 nm. In the EDS result in Table 2 , the content of the Ga element is higher, about 63% of weight, than that of the synthesized nanopowder in Plasma 3 without additional annealing. However, the oxygen content is high at 23% of weight due to incomplete nitridation and generated gallium oxide. The degree of Ga oxidation increased as the molar ratio of injected C3H6N6 decreased. Therefore, injection of excessive C3H6N6 is effective for preventing the oxidization of Ga. Moreover, C3H6N6 aids in the complete synthesizing of GaN nanopowder. However, annealing is required to eliminate the remaining C3H6N6. Table 2 . Elemental composition of product synthesized from a Ga(NO3)3•32H2O pellet and C3H6N6 powder injection with NH3 gas by the thermal plasma process in Plasma 4 (all results in % of weight). C3H6N6 was used as a reductant to prevent oxidation of gallium. However, it also consists of an abundant source of nitrogen. Therefore, a nitridation reaction using only C3H6N6 powder, without the addition of NH3 is needed to confirm the complete synthesis of GaN nanopowder. In previous experiments, NH3 gas was injected into the Ga(NO3)3•32H2O pellet as a nitridation source. A Ga(NO3)3•32H2O pellet was reacted with only C3H6N6 powder without NH3 gas in Plasma 5 conditions. C3H6N6 powder was injected through two nozzles of an anode electrode as in Plasma 3. The molar ratio of Ga(NO3)3•32H2O and C3H6N6 was set at 1:6. The XRD pattern of synthesized nanopowder by reacting Ga(NO3)3•32H2O and C3H6N6 without NH3 gas is indicated in Figure 12a . The intensities of all peaks were weak. The observed peaks corresponded with gallium oxide and melamine. When the NH3 gas was injected into the reactor at the same molar ratio of Ga(NO3)3•32H2O and C3H6N6 in Plasma 3, only residual C3H6N6 peaks were detected in the XRD pattern in Figure 6 . Low crystallinity GaN was synthesized. However, Ga2O3 peaks were detected with residual C3H6N6 in Plasma 5 of Figure 12a . It was revealed that the nitridation reaction did not occur with the nitrogen element of C3H6N6 powder. Figure 11b shows FE-TEM images of synthesized nanopowder by thermal plasma, when the molar ratio of Ga(NO 3 ) 3¨3 2H 2 O and C 3 H 6 N 6 of 1:3 is adopted in Plasma 4 conditions. The product synthesized in Plasma 4 primarily consisted of fine particles which had an average particle size of 9.25 nm. In the EDS result in Table 2 , the content of the Ga element is higher, about 63% of weight, than that of the synthesized nanopowder in Plasma 3 without additional annealing. However, the oxygen content is high at 23% of weight due to incomplete nitridation and generated gallium oxide. The degree of Ga oxidation increased as the molar ratio of injected C 3 H 6 N 6 decreased. Therefore, injection of excessive C 3 H 6 N 6 is effective for preventing the oxidization of Ga. Moreover, C 3 H 6 N 6 aids in the complete synthesizing of GaN nanopowder. However, annealing is required to eliminate the remaining C 3 H 6 N 6 . C 3 H 6 N 6 was used as a reductant to prevent oxidation of gallium. However, it also consists of an abundant source of nitrogen. Therefore, a nitridation reaction using only C 3 H 6 N 6 powder, without the addition of NH 3 is needed to confirm the complete synthesis of GaN nanopowder. In previous experiments, NH 3 gas was injected into the Ga(NO 3 ) 3¨3 2H 2 O pellet as a nitridation source. A Ga(NO 3 ) 3¨3 2H 2 O pellet was reacted with only C 3 H 6 N 6 powder without NH 3 gas in Plasma 5 conditions. C 3 H 6 N 6 powder was injected through two nozzles of an anode electrode as in Plasma 3. The molar ratio of Ga(NO 3 ) 3¨3 2H 2 O and C 3 H 6 N 6 was set at 1:6. The XRD pattern of synthesized nanopowder by reacting Ga(NO 3 ) 3¨3 2H 2 O and C 3 H 6 N 6 without NH 3 gas is indicated in Figure 12a . The intensities of all peaks were weak. The observed peaks corresponded with gallium oxide and melamine. When the NH 3 gas was injected into the reactor at the same molar ratio of Ga(NO 3 ) 3¨3 2H 2 O and C 3 H 6 N 6 in Plasma 3, only residual C 3 H 6 N 6 peaks were detected in the XRD pattern in Figure 6 . Low crystallinity GaN was synthesized. However, Ga 2 O 3 peaks were detected with residual C 3 H 6 N 6 in Plasma 5 of Figure 12a . It was revealed that the nitridation reaction did not occur with the nitrogen element of C 3 H 6 N 6 powder. Figure 12b shows XPS analysis results of synthesized nanopowder in Plasma 5. Ga-N bonding peaks as Ga2p (1/2) and Ga2p (3/2) were identically observed at 1143.0 eV and 1116.2 eV. However, two peaks were observed at 1145.9 eV and 1119.3 eV. Analysis of these peaks confirmed Ga-O chemical bonding. An increase of binding energy from Ga2p electrons was observed due to Ga-O chemical bonding. The nitrogen element has a less electronegative property than the oxygen element. Therefore, the binding energy of Ga-O chemical bonding is higher than that of Ga-N chemical bonding [30] . Nanomaterials 2016, 6, 38 13 of 15
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was observed due to Ga-O chemical bonding. The nitrogen element has a less electronegative property than the oxygen element. Therefore, the binding energy of Ga-O chemical bonding is higher than that of Ga-N chemical bonding [30] . C3H6N6 was decomposed and converted to cyanides, hydrocarbons, and carbon in the high temperature of the thermal plasma jet. Among these, only cyanides have nitrogen elements. However, the nitridation reaction by cyanide molecules is an inferior chemical reaction compared with oxidation. It was examined using the thermodynamic equilibrium calculation in Figure 4c .
Overall, these findings indicate that GaN nanopowder was synthesized from Ga(NO3)3•32H2O and C3H6N6 by thermal plasma, despite low crystallinity. Its crystallinity can be enhanced by annealing in a vacuum furnace. Moreover, if the annealing can be completed at atmospheric pressure in an inert atmosphere, not by rough vacuum, production of carbon dioxide or carbon nitride can be controlled.
Conclusions
GaN nanopowder was synthesized by a thermal plasma process. Ga(NO3)3•xH2O was used as the raw material. At first, it was discovered that Ga(NO3)3•xH2O was not nitrided by a solely conventional NH3 nitridation source and that it is converted into Ga2O3. It required a reductant to prevent oxidation to Ga2O3 instead of GaN. Therefore, C3H6N6 powder was injected into the high temperature region of the thermal plasma jet through an anode electrode. The molar ratio of injected Ga(NO3)3•xH2O and C3H6N6 was controlled at 1:6 and 1:3. GaN nanopowder with low crystallinity and residual C3H6N6 was synthesized by the thermal plasma process. Crystallinity of the synthesized GaN nanopowder was further enhanced after annealing at 850 °C for three hours in a vacuum furnace. The size of synthesized GaN nanopowder is distributed from 10 to 60 nm, and mean particle size is calculated to be 29.8 nm. In order to confirm the nitridation of Ga(NO3)3•xH2O by C3H6N6 reductant, the Ga(NO3)3•xH2O was reacted with C3H6N6 without NH3 gas, and Ga(NO3)3•xH2O precursor was oxidized to Ga2O3. Therefore, GaN nanopowder was successfully synthesized from Ga(NO3)3•32H2O and C3H6N6 powders with NH3 gas by a thermal plasma process. Furthermore, the additional annealing step was required to enhance its crystallinity. It was speculated that the production of carbon dioxide or carbon nitride during the annealing step could be controlled as anneal in an inert atmosphere. The synthesis of GaN crystalline nanopowder is difficult to achieve using conventional production methods. This research demonstrates the potential to synthesize GaN nanopowder through a thermal plasma process, from raw materials comprising abundant oxygen elements. C 3 H 6 N 6 was decomposed and converted to cyanides, hydrocarbons, and carbon in the high temperature of the thermal plasma jet. Among these, only cyanides have nitrogen elements. However, the nitridation reaction by cyanide molecules is an inferior chemical reaction compared with oxidation. It was examined using the thermodynamic equilibrium calculation in Figure 4c .
Overall, these findings indicate that GaN nanopowder was synthesized from Ga(NO 3 ) 3¨3 2H 2 O and C 3 H 6 N 6 by thermal plasma, despite low crystallinity. Its crystallinity can be enhanced by annealing in a vacuum furnace. Moreover, if the annealing can be completed at atmospheric pressure in an inert atmosphere, not by rough vacuum, production of carbon dioxide or carbon nitride can be controlled.
GaN nanopowder was synthesized by a thermal plasma process. Ga(NO 3 ) 3¨x H 2 O was used as the raw material. At first, it was discovered that Ga(NO 3 ) 3¨x H 2 O was not nitrided by a solely conventional NH 3 nitridation source and that it is converted into Ga 2 O 3 . It required a reductant to prevent oxidation to Ga 2 O 3 instead of GaN. Therefore, C 3 H 6 N 6 powder was injected into the high temperature region of the thermal plasma jet through an anode electrode. The molar ratio of injected Ga(NO 3 ) 3¨x H 2 O and C 3 H 6 N 6 was controlled at 1:6 and 1:3. GaN nanopowder with low crystallinity and residual C 3 H 6 N 6 was synthesized by the thermal plasma process. Crystallinity of the synthesized GaN nanopowder was further enhanced after annealing at 850˝C for three hours in a vacuum furnace. The size of synthesized GaN nanopowder is distributed from 10 to 60 nm, and mean particle size is calculated to be 29.8 nm. In order to confirm the nitridation of Ga(NO 3 ) 3¨x H 2 O by C 3 H 6 N 6 reductant, the Ga(NO 3 ) 3¨x H 2 O was reacted with C 3 H 6 N 6 without NH 3 gas, and Ga(NO 3 ) 3¨x H 2 O precursor was oxidized to Ga 2 O 3 . Therefore, GaN nanopowder was successfully synthesized from Ga(NO 3 ) 3¨3 2H 2 O and C 3 H 6 N 6 powders with NH 3 gas by a thermal plasma process. Furthermore, the additional annealing step was required to enhance its crystallinity. It was speculated that the production of carbon dioxide or carbon nitride during the annealing step could be controlled as anneal in an inert atmosphere. The synthesis of GaN crystalline nanopowder is difficult to achieve using conventional production methods. This research demonstrates the potential to synthesize GaN nanopowder through a thermal plasma process, from raw materials comprising abundant oxygen elements.
